A facultative alkalophile capable of utilizing 4-chlorobenzoate (4-CBA), strain SB8, was isolated from soil with an alkaline medium (pH 10.0) containing the haloaromatic compound as the carbon source. The strain, identified as an Arthrobacter sp., showed rather extensive 4-CBA-degrading ability. 4-CBA utilizatioui by the strain was possible in the alkaline medium containing up to 10 g of the compound per liter. The 4-CBA-dechlorinating activity of resting cells was almost completely uninhibited by substrate concentrations up to 150 mM. The bacterium dehalogenated 4-CBA in the initial stage of the degradation and metabolized the compound via 4-hydroxybenzoate and protocatechuate. 02 was needed for 4-CBA dechlorination by resting cells but not by cell extracts. 02 was inhibitory to the 4-CBA dechlorination activity of cell extracts. These facts suggest dechlorination of 4-CBA by halide hydrolysis and an energy requirement for the transport of 4-CBA into cells.
Large amounts of halogenated compounds are used for various applications; however, they are potent hazards to the environment because of their high toxicity. Hence, the microbial degradation of halogenated compounds has been extensively studied, with the aim of developing technology for environmental protection. Dehalogenation of halogenated aromatic compounds by aerobic microorganisms often occurs after ring cleavage of the halogenated catechol (5, 14, 23) . This type of dehalogenation may be rather general in aerobic catabolism. However, for dehalogenation after ring cleavage, several enzyme reactions leading to dehalogenation are required. Many of the enzymes catalyzing these reactions must have relaxed substrate specificities or evolutionarily specialized catalytic functions. Microorganisms performing such dehalogenation must be resistant not only to the original haloaromatic compound but also to the halogenated intermediates.
On the other hand, there are an increasing number of reports indicating that dehalogenation occurs in the initial stage of degradation of haloaromatics by aerobic microorganisms (10, 12, 13, 16, 18, (24) (25) (26) 28) . In this report, we describe the first example of a facultatively alkalophilic bacterium capable of utilizing 4-chlorobenzoate (4-CBA) as a carbon source. The bacterium, Arthrobacter sp. strain SB8, dehalogenated 4-CBA in the initial stage of degradation, possessing rather powerful ability to degrade the compound.
MATERIALS AND METHODS
Microorganisms and growth conditions. The basal medium used throughout this work consisted of (per liter of deionized water) 1.0 g of (NH4)2SO4, 1 Strain SB8 was isolated from a soil sample obtained in Tottori, Japan, by selective enrichment with the basal medium containing 4-CBA at 1 g/liter. Single-colony isolation was repeated on the solid medium and finally carried out on nutrient agar (Nissui Seiyaku, Tokyo, Japan). The strain was maintained on slants of the medium containing 4-CBA at 1 g/liter. Cultivation of the strain was carried out at 30°C with reciprocal shaking (110 strokes/min). Unless otherwise specified, the strain was grown in 100 ml of medium in a 500-ml flask.
Preparation of resting cells. Cells were grown in 500 ml of the basal medium containing 4-CBA at 5 g/liter in 2-liter flasks for 3 days and then harvested by centrifugation (10,000 x g, 20 min) at 4°C. The cells were usually washed twice with 50 mM sodium carbonate buffer (pH 9.0) and then suspended in the same buffer. For examination of dehalogenation at various pHs, cells were washed with and suspended in 5 mM sodium phosphate buffer (pH 7.5).
Preparation of cell extract. Cells grown and harvested as described above were washed twice with 50 mM potassium phosphate buffer (pH 7.5) and then stored at -20°C until use. The frozen cell paste was resuspended, at 20% (wt/vol), in the same buffer that had been thoroughly purged with 02-free N2 just before use and then disrupted with an ultrasonic oscillator (19 kHz) for 20 min at 0 to 5°C. During the sonic disruption, the suspension was purged with 02-free nitrogen. 02-free N2 was prepared by passing commercial N2 (.99.99%) through freshly prepared alkaline pyrogallol (1).
The cell debris was removed by centrifugation (15,000 x g for 20 min) at 4°C, and the supernatant was used as the cell extract.
Degradation by resting cells. Unless otherwise noted, the reaction mixture contained 8.2 mg (dry weight) of resting cells, 250 ,umol of sodium carbonate buffer (pH 9.0), and 50 ,umol of 4-CBA, in a total volume of 5 ml. The reaction was started by the addition of 4-CBA and carried out in test tubes with reciprocal shaking (110 strokes/min) at 30°C. The reaction was stopped by removing the cells by centrifugation (15,000 x g, 10 min) at 4°C.
Enzyme assay. The dehalogenating enzyme in the cell extract was assayed in a reaction mixture containing 50 ,umol of 4-CBA, 250 ,umol of potassium phosphate bilffer (pH 7.5), and cell extract, in a total volume of 5 ml. The reaction was started by the addition of 4-CBA and carried out at 30°C. Unless otherwise noted, 02-free N2 was continuously passed through the reaction mixture during the reaction. A sample was withdrawn periodically, and the released chloride was determined immediately.
4-Hydroxybenzoate (4-HBA) monooxygenase (8), PCA 3,4-dioxygenase (4), PCA 4,5-dioxygenase (22), catechol 1,2-dioxygenase (20) , and catechol 3,4-dioxygenase (21) were quantitated spectrophotometrically by previously described methods, except that all the enzyme activities were measured with 50 mM potassium phosphate buffer (pH 7.5) at 30°C.
Analytical methods. The protein content of the cell extract was determined by the method of Lowry et al. (15) with bovine serum albumin as the standard. The protein content of whole cells was determined by the same method after treatment of the cells with 1 N NaOH at 90°C for 10 min (6) . Chloride was measured by the mercuric thiocyanate method (9). 4-CBA, 4-HBA, and PCA were determined by highpressure liquid chromatography (HPLC; 6000A pump, U6K injector, and 440 absorbance detector; Waters Associates, Inc., Milford, Mass.) with a ,Bondapak phenyl column (3.9 by 150 mm; Waters Associates). The eluant for 4-CBA determination was methanol-water-acetic acid (44.5:54.5:1 by volume) and that for 4-HBA and PCA was methanolwater-acetic acid (19.8 10. could grow on and completely degrade 4-CBA in medium containing the carbon source at a rather high concentration. Figure 1 shows the growth of the strain in alkaline medium (pH 10.0) containing 4-CBA at different concentrations. The growth rate was not affected by the 4-CBA concentration up to 5 g/liter, but then gradually decreased with increasing 4-CBA concentration. However, the strain could still grow in medium containing 4-CBA at 10 g/liter, the highest concentration examined. In all cultures, 4-CBA was completely consumed, since the amount of chloride accumulated was equimolar to the initial amount of carbon source in the medium (data not shown). The doubling time of the strain in medium containing 4-CBA at 2 g/liter was 4.9 h. Figure 2 shows the time course of 4-CBA utilization by the strain in medium containing the carbon source at 7 g/liter. Growth was accompanied by the degradation of 4-CBA and the concomitant release of an almost equimolar amount of chloride. 4-CBA completely disappeared after 72 h of cultivation. On the other hand, yeast extract was essential for growth on 4-CBA (data not shown).
Strain SB8 was a facultative alkalophile. In medium prepared from the basal medium with H2SO4 and NaOH, the strain showed good growth on 4-CBA (1 g/liter) over the rather broad initial pH range of 7.0 to 10.0 and negligible growth at the initial pHs of 6.0 and 11.0. The optimum pH was 9.0. For growth at pH 10.0, there was a somewhat longer lag time than for growth over the pH range from 7.0 to 9.0.
Utilization of aromatic compounds. Utilization of aromatic compounds by the strain was examined on the basis of growth in the basal medium containing an aromatic compound as the carbon source at 1 g/liter. Cultivation was carried out in 5 ml of medium in a test tube. In addition to 4-CBA, 4-bromo-and 4-iodobenzoate were utilized by the strain, but 4-fluorobenzoate, 2-and 3-CBA, chlorobenzene, 2,4-and 3,4-dichlorobenzoate, 2-, 3-, and 4-chlorophenol, 4-chlorophenylacetate, and 4-chlorophenoxyacetate were not utilized as carbon sources. Among the nonhalogenated aromatics examined, 4-HBA, 3-HBA, and PCA were utilized by the strain, but 2-HBA and benzoate did not support growth.
4-CBA dechlorination by resting cells. The 4-CBA-dechlorinating activity of strain SB8 was investigated with resting cells. Examination of 4-CBA dechlorination by resting cells in 50 mM sodium acetate buffer (pH 4.0 to 5.0), sodium phosphate buffer (pH 6.0 to 8.0) and sodium carbonate buffer (pH 9.0 to 11.0) showed that high activity was expressed over the pH range of 7.0 to 9.0. The optimum pH was 9.0. The activity at pH 10.0 was about 20% of the maximum. Figure 3 shows the effect of the substrate concentration on the activity. The 4-CBA dechlorination activity of resting cells was highly tolerant to substrate inhibition. The activity was almost completely uninhibited up to 150 mM substrate.
On the other hand, it was found that 02 was needed for flushing 02-free N2 into the reaction mixture, no dechlorination occurred (data not shown).
Dehalogenating enzyme activity of a cell extract. In contrast to resting cells, a cell extract did not require 02 for dehalogenating activity; 02 was instead inhibitory. Figure 4 shows the dechlorination of 4-CBA by the cell extract (protein, 20.1 mg) under different aeration conditions. In the reaction mix with shaking (110 strokes/min) under air, no activity was found, but in an anaerobic reaction in which 02-free N2 was continuously flushed into the reaction mixture, dehalogenating enzyme activity appeared. Only a little activity was observed in the reaction mix without shaking under air.
The 4-CBA-dechlorinating enzyme activity in the cell extract was very labile, partly due to inactivation by 02, as shown in Fig. 4 . A cell extract prepared without N2 flushing showed negligible activity.
Metabolites. HPLC analysis of culture supernatants indicated the transient presence of 4-HBA and PCA during 4-CBA utilization by the strain. For example, in the culture shown in Fig. 2, 4 -HBA and PCA appeared after 36 h and disappeared after 72 h. During that period, 4-HBA was always present at a higher concentration than PCA. The maximum concentrations of 4-HBA (205 ,uM) and PCA (20 IiNM) were observed in the culture after 42 h. Figure 5 shows the accumulation of 4-HBA and PCA during 4-CBA degradation by resting cells. The reaction mixture contained 1.5 mmol of sodium carbonate buffer (pH 9.0), 150 p.mol of 4-CBA, and 49 mg (dry weight) of resting cells, in a total volume of 30 ml. The reaction was carried out in a test tube (internal diameter, 22 mm) with reciprocal shaking (110 strokes/min). 4-HBA and PCA also accumulated transiently. The highest concentration of PCA was approximately 1 ,uM. On the other hand, 2.9 mM 4-HBA accumulated, i.e., 58% of the initial 4-CBA concentration, at the maximum.
Enzymes for 4-CBA metabolism. A search was made for catabolic enzymes related to 4-CBA metabolism in a cell extract of the strain grown on 4-CBA. In addition to the dehalogenating enzyme (1.8 nmol/min per mg of protein), 4-HBA monooxygenase (90.9 nmol/min per mg of protein) and PCA 3,4-dioxygenase (32.2 nmol/min per mg of protein) activities were detected in the cell extract. PCA 4,5-dioxygenase, catechol 1,2-dioxygenase, and catechol 2,3-dioxygenase were not detectable, indicating that 4-CBA is not metabolized either through chlorocatechols or through 2-hydroxy-4-carboxymuconic semialdehyde, the meta-fission product of PCA. The three enzymes detected in the cells grown on 4-CBA may be inducible, since none of these activities was detected in cells grown on succinate.
DISCUSSION
The 4-CBA-degrading bacterium Arthrobacter sp. strain SB8 is the first example of a facultative alkalophile that degrades halogenated compounds. 4-CBA utilization by the strain was possible over the rather wide pH range of 7.0 to 10.0. In addition to the characteristics of a facultative alkalophile, the strain was found to possess powerful 4-CBA utilization ability. Growth inhibition by halogenated compounds is often strict, even for microorganisms that utilize halogenated compounds (16, 26, 27) . The strain could grow on and degrade 4-CBA in medium containing the carbon source at up to 10 g/liter. The dechlorinating activity of whole cells was almost completely uninhibited by substrate concentrations up to 150 mM. Such tolerance has not been reported for other microorganisms that degrade halogenated benzoates (2, 3, 7, 10, 12, 13, 16, 24, 26, 27) . 4-CBA is used for synthesis of dyestuffs, pigments, and pharmaceuticals (11) . The characteristics of the strain may be greatly advantageous for its use as a biocatalyst for 4-CBA removal, because even if the pH or 4-CBA concentration of waste water is high, 4-CBA degradation may be possible without pretreatment, such as neutralization or dilution.
The sequence of metabolites and catabolic enzymes demonstrates that 4-CBA metabolism by the alkalophile proceeds by the 4-CBA --4-HBA -, PCA -->e -carboxy-cis,cismuconate --> 3-ketoadipate pathway. Thus, dechlorination occurs in the initial stage of 4-CBA degradation, with substitution by a hydroxyl group.
In the microbial dehalogenation of aromatic compounds, substitution of a halogen by a hydroxyl group has been observed to occur through two kinds of mechanisms, oxidative hydroxylation by oxygenases (18, 23) and enzymatic hydrolysis (17, 19) . The dehalogenating activity of the cell extract of SB8 did not require 02, indicating that the dehalogenating enzyme in the strain is not an oxygenase but that it may catalyze halide hydrolysis. On the other hand, 02 was required for dechlorination by whole cells. This difference in the 02 requirement between the cell extract and whole cells suggests that energy is necessary for transport of the compound into cells. In accordance with this, when a cell extract was fractionated by centrifugation at 100,000 x g for 60 min, the dehalogenating enzyme activity was found exclusively in the cytosol fraction (supernatant), not in the membrane fraction (sediment) (data not shown).
Several bacteria which dechlorinate 4-CBA in the initial stage of degradation have already been reported (12, 13, 16, 24, 26, 27) . These microorganisms differ widely in the ability to utilize 4-CBA. For example, it was reported that growth of a strain of Arthrobacter globiformis was markedly inhibited at a 4-CBA concentration of about 1.5 g/liter and that culturing of this strain at that concentration was not possible (27) . However, this type of metabolism, dechlorination in the initial stage of degradation, may be one reason for the powerful 4-CBA utilization ability of strain SB8.
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